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Children Behavioral and electrophysiological responses were recorded while (pre)literate children made rhyme
judgments of rhyming, overlapping and unrelated words.
 Behaviorally both groups had difficulty judging overlapping pairs as non-rhyming while overlapping
and unrelated neural patterns were similar in literates.
 Preliterates show a different pattern indicating a developing phonological system.
a b s t r a c t
Objective: Most rhyme awareness assessments do not encompass measures of the global similarity effect
(i.e., children who are able to perform simple rhyme judgments get confused when presented with
globally similar non-rhyming pairs). The present study examines the neural nature of this effect by study-
ing the N450 rhyme effect.
Methods: Behavioral and electrophysiological responses of Dutch pre-literate kindergartners and literate
second graders were recorded while they made rhyme judgments of word pairs in three conditions;
phonologically rhyming (e.g., wijn-pijn), overlapping non-rhyming (e.g., pen-pijn) and unrelated non-
rhyming pairs (e.g., boom-pijn).
Results: Behaviorally, both groups had difficulty judging overlapping but not rhyming and unrelated
pairs. The neural data of second graders showed overlapping pairs were processed in a similar fashion
as unrelated pairs; both showed a more negative deflection of the N450 component than rhyming items.
Kindergartners did not show a typical N450 rhyme effect. However, some other interesting ERP differ-
ences were observed, indicating preliterates are sensitive to rhyme at a certain level.
Significance: Rhyme judgments of globally similar items rely on the same process as rhyme judgments of
rhyming and unrelated items. Therefore, incorporating a globally similar condition in rhyme assessments
may lead to a more in-depth measure of early phonological awareness skills.
 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.1. Introduction rhyme (Chard and Dickson, 1999; Vloedgraven and Verhoeven,Sensitivity to rhyme develops early in life. Infant studies have
shown that nine-month-olds already respond to changes in rhyme
pattern or even smaller changes within the rhyme constituent of a
word (Hayes et al., 2000, 2009). Nonetheless, the ability to
consciously attend to phonological information does not develop
until the age of three and generally starts with an awareness of2007). Therefore, rhyming tasks are often incorporated in screen-
ing measures for the detection of early language and literacy prob-
lems in both research and practice. However, these rhyme
awareness assessment are often fairly simple in nature and do
not encompass more demanding conditions that tap into the more
developed levels of rhyme awareness. For example, although it is
clear that most children can rhyme prior to the start of formal edu-
cation, there is evidence that they have not yet fully mastered this
skill. Behavioral studies have shown that kindergartners can easily
state that bell and ball rhyme, due to the global phonological sim-
ilarities between these two words (Carroll and Snowling, 2001;
Wagensveld et al., 2012). In contrast, first grade children seem to
be less sensitive to this so-called global similarity effect (Cardoso-
Martins, 1994), which is possibly a result of their reading
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cal awareness (Adams, 1990; Blachmann, 2000; Snowling and
Hulme, 2005). Although there are event-related potential (ERP)
studies that have examined rhyme processing in young children,
the global similarity effect has not been studied in young children
by means of this method. We will therefore investigate the neural
correlates that play a role in rhyme processing and the processing
of other types of phonological overlap in preliterate kindergartners
and reading second grade children.
1.1. Rhyme processing in the brain
Neural correlates of rhyme have first been studied in adults. ERP
research has shown that the human brain responds differently to
rhyming and non-rhyming words. This effect was first described
by Rugg (1984a,b) who found that, in a visual rhyme judgment
task, non-rhyming words elicited a more negative deflection in
the ERP waveform than rhyming words. For example, the target
word cause, which was preceded by the non-rhyming prime word
clams, led to a more negative deflection than the similar target
word pause, which was preceded by the rhyming prime word
claws. In addition to these results with words, the effect was also
observed when pseudoword stimuli were used. The rhyme effect
was maximal around 450 ms after the onset of the target and
was found mainly around the midline and over the right hemi-
sphere. The observed component that was involved in the effect
was originally described as a separate rhyme-sensitive ERP compo-
nent and named N450 component after its peak-latency. The N450
component has also been described as a more general sensitivity to
phonological mismatch of the N400 component (Perrin and Garcia-
Larrea, 2003, Praamstra et al., 1994, Radeau et al., 1998); the ERP
component that is involved in semantic processing (Kutas and Hill-
yard, 1980, 1984). Therefore, the component has also been labeled
the phonological N400. However, in the present study, we will refer
to the component using the original N450 terminology to prevent
misunderstandings.
Since the initial publications by Rugg, various studies have
examined the properties of the N450 component and the N450
rhyme effect. From these studies, it has become clear that the
N450 rhyme effect can be elicited by a wide range of stimuli vary-
ing from relatively simple items, such as single letters (Coch et al.,
2008b), to more complex multi-syllabic pseudowords (Dumay
et al., 2001). Praamstra and Stegeman (1993) found that the com-
ponent is not solely elicited by visual stimuli. In a phonological
priming study, they showed that auditory stimuli also influenced
the N450 amplitude, even when the prime and target (pseudo)-
words were spoken by a different speaker. Furthermore, a study
exploring the role of visual features showed that the N450 compo-
nent did not differ for letters that were presented in lowercase or
uppercase (Coch et al., 2008a). In conclusion, the N450 component
can be considered as a merely phonological measure, since the
component was not influenced by physical orthographic features.
Measuring EEG has several advantages. First, the method pro-
vides insight into the neural processes that take place immediately
after presentation of the stimulus and can therefore display pro-
cessing differences that precede any physical responses that are
measured in behavioral research. Another advantage is that the
method is non-invasive, unlike other neuro-imaging techniques
(e.g., functional magnetic resonance imaging), which makes it a
very suitable method to use when examining children. A series of
children studies performed by Coch and colleagues have addressed
the developmental pattern of the N450 rhyme effect. In a rhyming
study using visual stimuli they examined children (who could al-
ready read) and adults in age groups ranging from 7 to 23 years
old (Grossi et al., 2001). They found that the N450 rhyme effect
is already present at age 7 and does not change during furtherdevelopment; the distribution and amplitude of the effect were
stable across the age groups. The same results were obtained in a
study using auditory stimuli (Coch et al., 2002) and more recent
in a letter-rhyme task (Coch et al., 2011). Although the distribution
and amplitude of the N450 rhyme effect are rather stable, the onset
is more variable. In a more recent ERP study Coch et al. (2005)
investigated rhyme effects in 6-, 7- and 8-year-old reading children
with low and high phonological awareness skills. Although no
amplitude differences were found, the onset of the N450 rhyme ef-
fect appeared to be later for the children with low phonological
awareness scores. Also, studies examining participants with read-
ing difficulties have found that poor readers showed decreased
N450 rhyme effects as compared to typical readers (Ackerman
et al., 1994; Desroches et al., 2012; McPherson et al., 1998), indi-
cating that the N450 rhyme effect is influenced by different levels
of reading.
Although the N450 component was first observed using rhym-
ing stimuli, the effect does not seem to be restricted to rhyme over-
lap at the end of a word. Modulations of the N450 have also been
found when non-rhyming stimuli were contrasted with alliterating
stimuli (e.g., beeld-beest) in adults (Praamstra et al., 1994), in typ-
ically developing preliterate and literate and even dyslexic children
(Bonte and Blomert, 2004a,b). Furthermore, the N450 rhyme effect
can also be elicited by word-final overlap that is larger or smaller
than the rime constituent of a word. Dumay et al. (2001) examined
phonological priming using bi-syllabic French words and pseudo-
words. In this study the targets were preceded by primes that over-
lapped in syllable (e.g., lurage – tirage), rime (e.g., lubage-tirage) or
coda (e.g., lusoge – tirage). The responses to these experimental
conditions were compared to responses to a control condition
which consisted of unrelated prime-target pairs (e.g., lusole-tirage).
The ERP results showed that all three experimental conditions led
to a reduction of the N450 amplitude. Interestingly, the amount of
phonological overlap had a graded effect on the amplitude of the
N450. The amplitude reduction was largest for syllable overlap,
intermediate for rime overlap and smallest for coda overlap as
compared to the unrelated control condition. Thus, the N450 ap-
pears to be sensitive to the degree of phonological overlap, which
makes it a suitable instrument to explore differences in ERP be-
tween rhyme and other types of phonological overlap.
1.2. Rhyme processing in children: the global similarity effect
Behavioral research has shown that kindergarten children who
can make rhyme judgments on simple word pairs such as wall-ball
are easily confused when they are presented with words that con-
tain another type of phonological overlap such as bell-ball. These
phonological distracters are often judged incorrectly as rhyming
pairs (Cardoso-Martins, 1994; Carroll and Snowling, 2001). This
so-called global similarity effect has been explained as a result of
the ill-defined phonological representations in a young child’s
mental lexicon (Carroll and Snowling, 2001; De Cara and Goswami,
2003; Walley et al., 2003). In a recent behavioral study we at-
tempted to shed light on the role of lexical representations in
rhyme processing (Wagensveld et al., 2012). Dutch children were
presented with a rhyme judgment task containing rhyming pairs
(e.g., gek-bek, ‘‘strange-beak’’), overlapping pairs that shared the
same onset and coda consonant (e.g., bak-bek, ‘‘box-beak’’) and
unrelated pairs (e.g., sop-bek, ‘‘lather-beak’’). To examine the role
of lexical representations in the judgment of these word pairs
the children were also presented with a series of Dutch pseudo-
word pairs (e.g., baam-daam, diem-daam, not-daam). We found that
preliterate children were slower and made more errors for the
pseudowords which indicated that they could not solely rely on
the mental lexicon for their pseudoword judgments. Interestingly,
we observed an equally large global similarity effect in word and
Table 1
Mean frequency and duration of stimuli used in the rhyme judgment task. Mean
frequencies are presented in percentages which are taken from the ‘Streeflijst
woordenschat voor zesjarigen’, an index of vocabulary knowledge of Dutch speaking
six-year-old children. Mean durations are presented in milliseconds. Standard
deviations of the mean are in parentheses.
Mean frequency Mean duration
Rhyming primes 94 (4) 538 (89)
Overlapping primes 94 (4) 529 (99)
Unrelated primes 92 (6) 533 (88)
Targets 93 (5) 522 (87)
Filler primes 94 (5) 545 (84)
Filler targets 95 (4) 549 (68)
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less accurately than unrelated non-rhyming items. This observa-
tion indicated that the effect cannot solely be explained by poorly
specified lexical representations. Instead, we proposed that the
brain automatically registers similarities in perceived stimuli, a
process which is followed by a more analytical judgment of rhyme
overlap.
1.3. The present study
In the present study we focused on the neural correlates that
are involved in rhyme processing in young children before and
after they have learned how to read. Our aim was to see how the
global similarity effect that has been shown in behavioral studies
is reflected in the neural pattern of the developing brain. To the
best of our knowledge, the present study will be the first to exam-
ine if an N450 effect can be found in a rhyming experiment with
preliterate children from the age of five and the first study to
examine the neural correlates of the global similarity effect in chil-
dren. The study addressed two main research questions. Our first
question was if an N450 rhyme effect could be observed in prelite-
rate and literate children to a similar extend? Our second main
question was whether the N450 component in young children is
solely sensitive to rhyme could or if it could be modulated by dif-
ferent types of phonological overlap in particular items that are
globally similar but do not rhyme?2 Diphtong vowels, consisting of two adjacent vowels that occur within the same
syllable, are common in Dutch. Therefore the ‘ij’ from the examples pijn and wijn and
the ‘oo’ from boom can be considered as one vowel, hence these words have a CVC
structure rather than CVCC or CVVC.2. Methods
2.1. Participants
Participants were 43 native monolingual Dutch speaking chil-
dren of which 22 were in kindergarten in the year prior to formal
reading education (10 girls; average age 5 years and 7 months, SD
4 months); and 21 were in second grade (14 girls; average age
7 years and 6 months, SD 6 months). One second grade child was
excluded from the analysis due to inadequate performance (less
than 34% correct and response times of more than 2600 ms occur-
ring regularly in all three conditions). In a questionnaire, the par-
ents of the children indicated them to be right-handed. All
children had normal hearing and (corrected to) normal sight and
none had a known history of neurological problems. The study
was approved by the national ethics committee and the parents
of all participants signed an informed consent form.
2.2. Linguistic development assessment
Prior to the ERP measures the two groups of children were pre-
sented with four standardized screening measures to assess their
basic linguistic abilities (Verhoeven, 2011). The first task was a let-
ter knowledge task examining the amount of graphemes a child
knows. The child was presented with a chart containing 34 graph-
emes that corresponded to the 33 Dutch phonemes, and was asked
to name these out loud. Both the letter name as the letter sound,
were considered as correct identifications of the kindergarten chil-
dren. Responses were scored as either correct or incorrect. Sec-
ondly, a rapid picture naming task was administered to assess
the child’s ability to quickly retrieve concepts. During this task,
the child was presented with a chart containing repetitive images
of five common objects. The child was asked to name the pictures
as quickly as possible. The score was based on the amount of
images a child named correctly in one minute.
Furthermore, two measures of auditory short term memory
were taken: a word span task and a pseudoword repetition task.
During the word span task, the experimenter spoke sequences ofmonosyllabic Dutch words out loud, which the children were
asked to repeat. There were twelve sequences provided, which var-
ied in length from two to seven words. Responses were scored as
either correct or incorrect and the test was ended if a child was un-
able to repeat four consecutive sequences. In the pseudoword rep-
etition task, the children were asked to repeat pseudowords, which
were spoken out loud by the experimenter. In total, 40 pseudo-
words were presented varying in length from one to six syllables.
Responses were scored as either correct or incorrect. The task
was ended if a child failed to repeat five consecutive pseudowords.
The letter knowledge task was only offered to the preschool chil-
dren, the other three tasks were presented to both groups. Any
relations between the observed ERP effects and the four linguistic
ability tests were examined by performing Pearson’s correlations.
Only significant correlations will be reported.
2.3. Stimuli
Stimuli consisted of 36 Dutch monosyllabic target words with a
CVC structure2 (e.g., pijn). Each of the targets was combined with
three types of prime words; rhyming (e.g., wijn) unrelated (e.g.,
boom) and overlapping primes (e.g., pen). This resulted in 36 rhym-
ing and 72 non-rhyming pairs. To prevent children from having a
possible response bias indicating pairs as non-rhyming, 36 monosyl-
labic rhyming filler pairs were created. This led to an even rhyme vs.
non-rhyme probability of 50%. Examples of the stimuli can be found
in Appendix A: Table A1.
All words were selected from the ‘Streeflijst Woordenschat voor
Zesjarigen’ (Schaerlaekens et al., 1999), an index of vocabulary
knowledge of 6-year-old Dutch speaking children. The list gives
an overview of all Dutch words with the percentage of Dutch and
Belgian teachers who expect 6-year-old children to understand
the word. All selected words were indexed above 80%. The average
percentages of the words can be found in Table 1.
Stimuli were digitally recorded (44.1 kHz, stereo) on a Dell
D610 latitude laptop running the Sony Sound Forge recording pro-
gram. The stimuli were spoken into a Sennheiser ME62 m icro-
phone by a female speaker in a sound attenuated room. After
recording, each stimulus was carefully edited for precise onset
and offset using a speech waveform editor (Praat, version 4.5.12).
Mean durations of the targets and the rhyming, overlapping and
unrelated primes can be found in Table 1.
2.4. Procedure
EEG measurements took place in a mobile lab built into a Volks-
wagen minivan which was placed near the school of the children.
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were played over headphones at 65 dB and was instructed to indi-
cate as fast with a button press as possible whether the two words
of a word pair rhymed or not. Response hands and buttons were
counterbalanced over subjects. Before the experiment started, the
experimenter held a short rhyme practice session with the child.
The experimenter provided a word and encouraged the child to
think of a rhyming word. Incorrect answers were corrected and
then the child was provided with a new word. After the child
had provided three consecutive correct rhyme words, the child
was presented with a practice version of the experiment on the
computer. During this practice phase, the child learned which
response (rhyme or non-rhyme) corresponded to which button
(left or right).
During the experiment each target was presented three times,
each time with a prime from a different condition (i.e. rhyme, over-
lap, unrelated). Each trial began with a fixation cross in the middle
of the screen for 950 ms; 1000 ms after trial onset the prime word
was presented; 1200 ms after the prime the target word was pre-
sented. The total duration of one trial was 6000 ms. The experi-
ment was divided in three blocks with a short pause in between.
In each block a target was only presented once with one of its three
primes (rhyming, unrelated or overlapping). The order of blocks
was counterbalanced over participants.
2.5. EEG recordings
EEG was recorded from 28 active electrodes using the Acticap
system with Ag/AgCL electrodes (Brain Products, Gilching,
Germany). Electrodes were mounted in an elastic cap, each re-
ferred to the left mastoid. Electrodes were located at four midline
sites (Fz, FCz, Cz and Pz) and 24 lateral sites (Fp1/Fp2, F7/8, F3/4,
FC5/6, FC1/2, C3/4, CP5/6, CP1/2, P7/8, P3/4, T7/8, O1/2). Record-
ings from Fp1 and an electrode placed beneath the left eye were
used to monitor vertical eye movement whereas horizontal eye
movement was monitored via a bipolar montage with electrodes
at the outer canthi of the left and right eye. Recordings were re-ref-
erenced off-line to average mastoids. Signals were pre-amplified at
the scalp and all impedances were kept below 20 kX for all chan-
nels, which is a standard setting for active electrodes. Recordings
were amplified using a BrainAmp DC amplifier system (Brainprod-
ucts) and digitized online at a sampling rate of 500 Hz using a
bandpass filter of 1–30 Hz. The EEG and EOG were recorded and
digitized using Brain Vision Recorder software (1.03, Brain Prod-
ucts, Gilching, Germany).
2.6. Behavioral data analyses
The behavioral data were examined by performing one ANOVA
per participant group with phonological condition (rhyme, overlap,
unrelated) as a within subject factor. Significant main effects were
further investigated by conducting t-tests on the following planned
comparisons; rhyme vs. overlap, overlap vs. unrelated, rhyme vs.
unrelated.
2.7. EEG data analyses
EEG data were analyzed off-line using the Brain Vision Analyzer
Software package. The data were rereferenced to average mastoids,
corrected for ocular motion3 (Gratton et al., 1983) and digitally fil-
tered between 1 and 30 Hz. Data were averaged over an epoch of
1200 ms. On these segments a baseline correction of 150 to 03 Since the children were too young for an eye blink instruction we decided to
remove eye artifacts offline using the Gratton-Coles method (Gratton et al., 1983).was carried out, after which all segments with amplitudes below
100 lV and above 100 lV were automatically rejected (kindergar-
ten mean = 6.6%, SD = 7.5%, second grade mean = 4.4%, SD = 6.0%).
For kindergartners this resulted in 29 (SD 5), 25 (SD 9) and 30 (SD
5) remaining trials on average for the rhyming, overlapping and
unrelated condition, respectively. For second graders there were on
average 33 (SD 2), 31 (SD 3) and 32 (SD 3) trials left in the rhyming,
overlapping and unrelated condition, respectively. Segments were
averaged per participants, per condition and per electrode site.
ERP effects were examined by means of an overall repeated
measures analyses of variance (ANOVAs) which were performed
on the mean amplitude of a time window. Since visual inspection
of the data showed that both groups displayed very distinct pat-
terns data were analyzed for each group separately (for a similar
approach, see Bonte and Blomert, 2004a). Time-windows of inter-
est were based on visual inspection and had three within-subject
factors: Condition (Rhyme, Overlap, Unrelated), Hemisphere (Left,
Right) and Anteriority (Anterior and Posterior). Electrodes were as-
signed to cluster in the following way: left anterior ((F7, F3, FC5,
FC1, VB), right anterior ((F8, F4, FC6, FC2, Fp2), left posterior (C3,
CP1, CP5, P7, P3, O1) and right posterior (C4, CP2, CP6, P8, P4,
O2). Greenhouse–Geisser correction for violation of sphericity
assumption was applied when appropriate (Greenhouse and Geis-
ser, 1959). ANOVAs were performed for each group (kindergarten
and second grade) separately since visual inspection showed that
the two groups had two distinct response patterns.
3. Results
3.1. Behavioral outcomes
3.1.1. Outcomes of the linguistic development assessment
An independent samples t-test was conducted to compare the
performance of the kindergarten and second grade children on
three linguistic screening measures. The outcomes are represented
in Table 2 together with the mean scores per group.
The data show that second grade children perform significantly
better at rapid picture naming, word span and pseudoword repeti-
tion. Letter knowledge was only examined in the kindergarten chil-
dren; on average they were able to identify 10.1 (SD 8.8)
graphemes (range 2–31).
3.1.2. Behavioral outcomes of the rhyme task
Fig. 1 displays the mean response times (panel A) and error
scores (panel B) of the rhyme task. As is apparent from this figure,
kindergartners found the rhyme judgment task more difficult; they
made more errors and had slower response times than the second
grade children. The mean accuracy score was 87% (SD 20) for the
kindergarten children and 92% (SD 16) for the second graders, indi-
cating that both groups were able to carry out the task. However,
both kindergartners and second graders seem to have more diffi-
culty judging overlapping word pairs (i.e., responding ‘‘no’’ to a pair
such as pen-pijn) than unrelated word pairs (such as boom-pijn).
Since the ERP data of both groups were analyzed independently
due to the distinct patterns of both groups, behavioral outcomes
were also processed separately, in order to be consistent. A com-
parison between the two non-rhyming conditions4 showed that
especially second grade children judged overlapping items less accu-
rate than unrelated items (t(20) = 2.85, p < .01, d = 0.90), a pattern
which was marginally significant for kindergartners (t(21) = 1.93,
p < .07, d = 0.60). Kindergartners responded slower to overlappingThe overlapping condition requires a different response than the rhyming
condition. It can therefore better be weight against the unrelated condition, which
should also be judged as not rhyming. This way, the observed effects cannot be the
result of a response bias of just saying ‘yes’ to each item.
Table 2
Mean scores and independent samples t-test outcomes of the ESM-subtests. The mean outcomes are presented for kindergarten and second grade children separately. Standard
deviations of the mean are presented in parentheses.
Kindergarten Second grade Independent samples t-test
Mean (SD) Mean (SD) t df p
Rapid picture naming 40.0 (6.9) 55.4 (9.7) 6.07 42 0.001
Word span 4.9 (1.7) 6.6 (1.5) 3.56 42 0.001
Pseudoword repetition 31.2 (5.4) 36.3 (3.7) 3.67 42 0.000
Fig. 1. Mean response latencies (A) in milliseconds and error scores (B) in percentage of the rhyming (R), overlapping (O) and unrelated condition (U) of the rhyme judgment
task. The outcomes are presented for kindergarten (K) and second grade children separately (SG). The bars represent the standard error of the mean.
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ers the difference in response time to overlapping and unrelated
items failed to reach significance (t(20) = 1.81, p < 0.9, d = 0.57).
Thus, the global similarity effect was present in the accuracy data
of both groups, as well as in the response latency outcomes of the
kindergartners.
3.2. Electrophysiological outcomes
Fig. 2 displays the grand average waveforms for the rhyming,
overlapping and unrelated condition for both second graders (pa-
nel A) and kindergarten children (panel B). The grand averages
were time-locked to the onset of the target. Table 3 represents
the mean amplitudes and their standard deviations in microvolt
per condition and scalp region for each of the examined time-win-
dows for second graders (Panel A) and kindergartners (Panel B).
3.2.1. Second graders
Our first question was whether we could observe an N450 effect
in young children. Visual inspection of the data showed that second
graders displayed an N450 effect for the rhyming compared to the
non-rhyming conditions between 200 and 450 ms. For this window
a 3 (condition; rhyme, overlap, unrelated)  2 (hemisphere; left,
right)  2 (anteriority; anterior, posterior) overall ANOVA was per-
formed. Electrodeswere assigned to a cluster as follows: left anterior
((F7, F3, FC5, FC1, VB), right anterior ((F8, F4, FC6, FC2, Fp2), left pos-
terior (C3, CP1, CP5, P7, P3, O1) and right posterior (C4, CP2, CP6, P8,
P4, O2). The ANOVA showed that there was an interaction between
anteriority and condition (F(2,40) = 6.30, p < .005, g2p ¼ 2:12). To
examine this interaction two ANOVAs were performed; a 3 (condi-
tion; rhyme, overlap, unrelated)  12 (electrode: VB, Fp2, F7, F3,
Fz, F4, F8, FC5, FC1, FCz, FC2, FC6) including anterior electrodes
and a 3 (condition; rhyme, overlap, unrelated)  12 (electrode: C3,
Cz, C4, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, O2) includingposter-
ior electrodes. Outcomes showed that the effect of condition was
centered at posterior locations (F(2,40) = 5.24, p < .01, g2p ¼ 28:66).
There was no main effect of condition found at anterior locations.
The significant main effect of condition found in the ANOVA of
posterior electrodes was further examined by means of paired
sample t-tests and showed that at posterior sites, rhyming targetselicited a smaller N450 than unrelated (t(20) = 2.43, p < .05,
d = .67) and overlapping targets (t(20) = 3.27, p < .005, d = 1.00).
The second question concerned sensitivity of the N450 compo-
nent to types of overlap other than rhyme. A comparison of the
non-rhyming conditions at posterior sites showed that there was
no significant difference between these conditions (t(20) = 1.29,
p = .21, d = .30). The waveform of the overlap condition resembled
the waveform of the unrelated condition, despite the phonological
overlap between prime and target. Thus, in second grade children
the N450 is modulated by rhyme overlap but not by consonant
overlap in word pairs.
Visual inspection of the data of second graders further led to the
investigation of a second timewindow. From550 to 750 ms theERPs
showed a positive deflection for all three conditions. However, at
posterior electrode sites this late positive deflection seems to be re-
duced for the rhyming target pairs in comparison to the other two
conditions. An overall ANOVAwas undertaken and showed a differ-
ence in the distribution of the effect (F(2,40) = 3.68, p < .05,
g2p ¼ 2:84). ANOVAs of anterior and posterior electrodes provided
some indication that the effect in second graders was more promi-
nent on posterior sites (F(2,40) = 1.31, p = .08, g2p ¼ 1:42) than ante-
rior sites (F(2,40) = .07, p = .94, g2p ¼ 39:42). However, since themain
effect observed at posterior sites did not reach significance, no fur-
ther analyses steps were undertaken.
3.2.2. Kindergartners
Visual inspection of the kindergarten data led to the examina-
tion of three other time windows of interest. The first effect (i.e.,
100–200 ms time window) was not observed in second graders
so this was specific for the kindergarten group. The second window
(i.e., 250–400 ms) was in proximity to the N450 effect window that
was observed in second graders. The third time frame of interest
resembled the later effect that was also observed in second graders
(i.e., 550–750 ms). For all three windows an overall ANOVA was
performed, followed by ANOVAs of anterior and posterior elec-
trodes when interactions were observed. Significant effects were
further explored by performing paired sample t-tests.
The first effect, which was not observed in the second graders,
showed an early negativity from 100 to 200 ms after stimulus on-
Fig. 2. Grand average event-related potentials for the three conditions from seven scalp sites of the second grade (A) and kindergarten (B) children. The event-related
potentials were time-locked to the onset of the target word. Please note that negativity is plotted upward. The shaded areas mark the four significant ERP effects that were
found: (1) Negativity from 100 to 200 ms for the rhyming compared to the overlapping and the unrelated condition which was found over the whole scalp and only in
kindergarten children, (2) N450 effect found for the rhyming condition compared to both the overlap and the unrelated condition from 200 to 450 ms at posterior electrodes
in second grade children, (3) Negativity from 250 to 400 ms for the rhyming compared to the overlapping condition at anterior electrodes, found only in kindergarten children
(please note that the significant difference concerns only the rhyme and overlap condition), (4) Positivity from 550 to 750 ms for the rhyming compared to the overlapping
and the unrelated condition which was found at posterior electrodes in both kindergarten and second grade children.
B. Wagensveld et al. / Clinical Neurophysiology 124 (2013) 1336–1345 1341set for rhyming compared to non-rhyming targets (Fig. 3, electrode
Cz). The overall ANOVA showed that the ERP effect was found over
the whole scalp and although the main effect of condition was
marginally significant (F(2,42) = 3.03, p = .06, g2p ¼ 9:62) t-tests
were performed in order to examine this effect more thoroughly.
Paired sample t-test revealed the rhyme condition differed signifi-
cantly from both the overlap condition and the unrelated condition
(tRO(21) = 2.15, p < .05, d = .54; tRU(21) = 2.23, p < .05, d = .51).
The time frame of the second effect in kindergartners, i.e., 250–
400 ms, was in close proximity to the N450 rhyme effect that was
observed in second graders. An overall ANOVA showed an interac-
tion between anteriority and condition (F(2,42) = 4.22, p < .05,
g2p ¼ 2:72). Follow-up ANOVAs revealed that effect was located at
the anterior electrodes (Fant(2,42) = 2.28, p < .05, g2p ¼ 47:4).
Paired sample t-test showed that the observed effect was a result
of a difference between the rhyming and overlapping condition
only (t(2,21) = 2.28, p < .05, d = .52). The effect was observed inapproximately the same time window as the previously described
N450 in second graders. The anterior electrodes displayed in Fig. 2
show that the effect was reversed in comparison to the rhyme ef-
fect in second graders; rhyming targets elicited a larger N400 than
overlapping targets. A bivariate correlation analysis of this effect
and the amount of letter knowledge (r = .55, p < .01) indicated
that the less letter knowledge children have, the larger this frontal
negativity is (see also Fig. 3).
The third effect was observed in a later time window and resem-
bled the findings in second grade children. In kindergartners, the
ERPs also showed a positive deflection for all three conditions from
550 to 750 ms, which seems to be reduced at posterior sites for the
rhyming target pairs in comparison to the other two conditions. An
overall ANOVA showed an interaction between anteriority and con-
dition in kindergartners (F(2,42) = 3.89, p < .05, g2p ¼ 2:18). Separate
ANOVAs for anterior and posterior sites showed that he effect was
found to be significant only at posterior electrode sites
Table 3
Mean amplitudes and their standard deviations in microvolt per condition and scalp region for each of the examined time-windows for second graders (Panel A) and
kindergartners (Panel B).
A. Second graders
Scalp region 200–450 ms 550–750 ms
Rhyme Overlap Unrelated Rhyme Overlap Unrelated
Anterior
Left
M 1.95 1.91 2.10 1.04 0.67 0.76
SD 1.87 1.94 1.87 2.53 1.86 1.77
Right
M 2.43 2.24 2.49 0.72 0.70 0.70
SD 2.05 2.25 1.75 2.50 1.61 1.98
Posterior
Left
M 0.37 1.46 1.40 1.40 1.99 2.12
SD 1.54 1.75 1.79 1.90 1.75 1.81
Right
M 0.13 1.63 0.92 1.13 2.00 2.71
SD 1.64 1.75 1.65 1.68 1.58 1.60
B. Kindergartners
Scalp region 100–200 ms 250–400 ms 550–750 ms
Rhyme Overlap Unrelated Rhyme Overlap Unrelated Rhyme Overlap Unrelated
Anterior
Left
M 2.65 1.29 1.61 3.64 1.97 2.62 0.67 0.46 0.15
SD 1.90 2.02 2.91 3.25 2.18 2.64 2.01 2.02 1.53
Right
M 3.01 2.06 2.37 3.67 2.28 3.05 0.10 0.20 0.07
SD 1.96 2.41 3.22 3.59 2.26 3.10 1.97 2.17 1.77
Posterior
Left
M 2.05 0.62 0.60 1.67 1.42 1.35 1.86 2.75 2.40
SD 2.55 2.98 2.20 2.49 2.37 2.05 1.96 2.13 2.25
Right
M 1.77 1.48 0.97 1.40 1.39 1.47 1.50 2.45 2.49
SD 2.51 2.30 2.58 2.63 2.16 2.01 1.91 1.61 2.53
Fig. 3. Scatter plot representing the relationship in kindergartners between the
amount of letter knowledge and the mean amplitude difference between the
overlap and rhyme condition averaged across the ten anterior electrodes from 250
to 400 ms.
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that this effect was the result of an amplitude difference between
the ERPs of the rhyming and unrelated condition (t(21) = 3.13,
p < .005, d = .63).4. Discussion
The present study examined the behavioral and neural
responses of kindergarten and second grade children to word pairs
that either shared a rhyme overlap, an overlap in onset and final
consonant or were phonologically unrelated. Our aim was to find
out how the global similarity effect that has been shown in behav-
ioral studies (e.g., Cardoso-Martins, 1994; Carroll and Snowling,
2001; Wagensveld et al., 2012) is reflected in the neural patterns
of children with and without reading experience.4.1. The N450 rhyme effect in second graders
The second grade children showed a distinct rhyme effect. Be-
tween 200 and 450 ms after the onset of the target the rhyming
condition elicited a smaller N450 than the unrelated condition.
Concurrent with this, the behavioral data showed that the rhyming
items were judged faster than the unrelated items by the second
graders. The neural outcomes are consistent with the findings of
the small number of studies that examined neural responses to
rhyme judgment in children (Coch et al., 2002; Grossi et al., 2001).
New however, is the finding that word pairs that did not rhyme,
but shared a different type of phonological overlap (e.g., pen-pijn,
‘‘pen-pain’’) elicited an N450 that resembles the N450 of the unre-
lated items. This contradicted the findings of a study examining
adults that showed a graded response pattern of the N450 ampli-
tude difference which was largest for syllable overlap, intermedi-
ate for rhyme and smallest for phoneme overlap (Dumay et al.,
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graded response pattern of the N450 component. Second grade
children only show a graded response in the form of a global
similarity effect in the behavioral data suggesting that, contrary
to the N450 in adults, the N450 in second grade children primarily
reflects rhyme processing and is not modulated by other types of
phonological overlap. The discrepancy between behavioral data
and EEG data will be addressed in more detail in the final part of
the discussion (see 3.4 implications).
A possible explanation for this observation lies in the differen-
tial state of the lexical representations of young and experienced
readers. We expected that second grade children with reading
experience would show an adult-like pattern since reading experi-
ence is known to result in better phonological and phonemic
awareness (Blachmann, 2000). The absence of this adult-like
graded response to different types of overlap could indicate that
the two years of reading experience have not yet led to the com-
pletely specified phonological representations that adults have.
The second graders seem to be able to quickly and automatically
decode the words into an onset and a rime constituent and they
can make correct decision on word pairs that share intra-syllabic
overlap. However, the length of the response times to the overlap
condition indicates that the processing of these items is more dif-
ficult; they cannot yet automatically detect small intra-syllabic
changes in a way that adults can due to their years of reading
experience.
Furthermore, it is also possible that the lack of graded response
in the ERP wave form of the overlapping items could be due to a
difference in task instruction. In the study by Dumay and col-
leagues (2001) the participants judged the pairs on their lexical
status. They were not instructed to monitor the items for a certain
type of phonological overlap such as rhyme. The children in the
present study were specifically instructed to respond only to
rhyme overlap. It is therefore possible that, as a result of this spe-
cific instruction, the neural patterns will also only respond to
rhyme and not to other types of phonological overlap. The idea that
the N450 effect depends on instruction is further supported by the
finding that it can only be obtained in when participants are ac-
tively engaged in the experiment; the N450 effect could not be ob-
served in the absence of a task (Perrin and Garcia-Larrea, 2003).
4.2. Neural rhyme effects in kindergartners
Although we could not observe a typical N450 rhyme effect in
the kindergarten group there were some other effects observed
both on a behavioral and neural level. Behaviorally, the kindergar-
ten children indeed showed a differential pattern for overlapping
and unrelated items. They responded slower to non-rhyming items
that shared a phonological overlap than to phonologically unre-
lated items. The effect was also observed in the accuracy data,
although only marginally significant. These outcomes indicate that
the children have more difficulty judging phonologically related
items as non-rhyming.
Even though there was no typical N450 rhyme effect for the kin-
dergarten children, visual inspection of the data clearly showed that
the ERP’s elicited by the different conditions were not identical.
Between 100 and 200 ms after stimulus onset the rhyming targets
elicited a more negative response than non-rhyming targets as op-
posed to the N450 effect where the non-rhyming targets elicited a
more negative response than the rhyming targets. This reversed
rhyme effect was found at anterior electrodes, whereas the N450
in secondgraderswasobservedat posterior electrodes. Reportshave
been made of reversed rhyme effects at anterior electrodes in other
rhyme studies with children and adults (Coch et al., 2005, 2002).
However, a study by Khateb and colleagues (2007) which explored
rhymedata bymeans of spatio-temporal analysis has suggested thatthe anterior rhyme effect and the posterior N450 effect might re-
flects twodistinct cognitiveprocesses (ofwhich the functional inter-
pretation remains unclear). Furthermore, the anterior effect in the
present study has an earlier onset (200 vs. 300 ms after target onset)
andwas less long lasting (400 vs. 900 ms after target onset) than the
previous findings.
In addition to the early rhyme effect, yet another ERP effect was
observed in kindergartners in a later time window. From 250 to
400 ms the rhyming items elicited a more negative waveform than
the overlapping items. The unrelated items did not differ signifi-
cantly from any of the other conditions in this time window. The
observed effect falls within the 200–450 ms time window in which
we expected and observed a rhyme effect in the second grade chil-
dren. However, the duration of the effect is shorter and, more
importantly, the effect is reversed as opposed to the rhyme effect
we observed in second graders. In kindergartners, the rhyming
items are more negative than the overlapping items. This effect
is more difficult to interpret. One plausible explanation could be
that it reflects a developing N450. Other EEG components have
been known to change during development. For example, the N1
is known to be reflected as a positive peak from the age of one to
four (Kushnerenko et al., 2002). Furthermore, the semantic N400
is known to change in latency, amplitude and even scalp distribu-
tion over time (Holcomb et al., 1992). It is therefore possible that
the reversed rhyme effect we observed in the 250–400 ms time-
window in kindergartners is a precursor of the N450 that has been
observed in older children and adults (Coch et al., 2002; Grossi
et al., 2001). This is further supported by the observed correlation
with letter knowledge: children that have high letter knowledge
show a smaller reversed rhyme effect. In other words, these chil-
dren show a closer resemblance to the pattern of reading children.
As for the functional interpretation of the two early ERP effects,
the findings show that on a neural level kindergarten children
make a clear distinction between rhyming and non-rhyming word
pairs. This finding is in correspondence with our behavioral obser-
vations that kindergartners were well able to make rhyme judg-
ments of all three types of word pairs. So, neural rhyme effects
can be measured in children that haven’t started their reading edu-
cation yet. More importantly, the neural findings also showed that
there is a distinction between rhyming and overlapping pairs,
which indicates that rhyme judgments are based on an analytical
procedure and not just a global comparison of word pairs as has
been suggested by Carroll and Snowling (2001). However, although
the present outcomes shed more light on the development of the
rhyme effect in pre-readers it is evident that follow-up research
is needed to fully understand the observed rhyme effects in pre-
literates and especially its relation to behavioral performance.
4.3. Additional findings
In addition to the previously described early ERP effects, we ob-
served a late ERP effect in both groups of children. From 550 to
750 ms after stimulus onset the ERP of the non-rhyming items
was more positive than of the rhyming items. Since the onset of
the effect lies around 500 ms and the distribution was centro-pari-
etal, this effect is likely to represent a Late Positive Complex (LPC).
This ERP component is thought to be involved in decisional pro-
cesses (Finnigan et al., 2002; Pattamadilok et al., 2011), which ex-
plains the differences between the rhyming items (requiring a ‘yes’
response) and the non-rhyming items (requiring a ‘no’ response). A
similar LPC pattern was observed a study that compared response
to phonologically related (i.e., rhyming) and semantically related
pairs (Perrin and Garcia-Larrea, 2003). The observed LPC was larger
for (both phonologically and semantically) unrelated pairs.
Although this effect does not receive much attention in the discus-
sion of their results, it is pointed out that the changes in the LPC
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components show partial overlap. For now, it remains unclear to
what extends the N450 effect influences the LPC amplitude and
more research is necessary to establish the functional significance
of the LPC during rhyme judgment tasks.4.4. Limitations and suggestions for future research
This study provides more insight in the changes that take place
in the brain when a child learns how to read. Although the present
data gave a clear indication that reading experience leads to
changes in neural patterns, the specific interactions are not yet
clear. In part, this is due to the relatively young age of the examined
children. Especially in kindergarten, differences between individu-
als can be quite substantial. For example, some of the examined
children were not able to identify a single letter whereas others
were able to name all Dutch graphemes. This diversity in this spe-
cific test group leads to a noisier EEG signal, which when averaged
may result in smaller or unclear observed effects. So, although the
pre-readers are a very interesting group to examine, it is evident
that the observed outcomes are more difficult to interpret than
the effects that were found in the second graders. In future studies,
it might therefore be wise to examine a larger group of prereaders
which can be divided into two groups on the basis of their linguistic
capacities (e.g., the amount of letter knowledge). Following this
rationale, in future researchwe should lookmore closely at individ-
ual children’s literacy experience. Examining early literacy skills,
early reading abilities and home literacy experience would provide
valuable data that can contribute to the understanding of the nature
and development of (neural) rhyme processing.
One of the unexpected findings of this study was the observa-
tion that the ERP pattern in children did not show the a graded re-
sponse to different types of overlap as has been found in adults
(Dumay et al., 2001). As has already been noted, this could be
due to an immature state of the underlying phonological represen-
tations. To further examine this, it would be interesting to examine
groups of older children to see if more reading experience leads to
a graded neural response that resembles an adult-like pattern. Fur-
thermore, an alternative explanation lies in the task instruction. It
may therefore be well worth to change the paradigm to a lexical
decision task to examine the direct contribution of task instruction
to the outcomes of the experiment. Also, it would be interesting to
examine the overlapping condition in adult skilled readers to see
whether the graded response is the result of more reading experi-
ence. Considering this and the observation that the children were
well able to perform the task (accuracy scores are high for all con-
dition), more difficult items could be added in the future.
Furthermore, the present data provide some insight in the pro-
cesses that take place when children make a rhyme decision. One
of the questions that remain is what role the syllabic structure
plays in this process. Although some researchers have suggested
that the phonological representations of young children are holistic
in nature (Carroll and Snowling, 2001; De Cara and Goswami,Appendix A
Table A1. Dutch examples of the stimuli used in the rhyme judgment
Rhyming pairs Overlapping pairs
wijn (wine) – pijn (pain) pen (pen) –
zoon (son) – boon (bean) been (leg) –
kaas (cheese) – haas (hare) huis (house) –
kam (comb) – lam (lamb) lijm (glue) –2003; Walley et al., 2003) others have found evidence that syllabic
structures are available even in two-year-olds (Wijnen, 1992).
Although the present findings provide some support for the idea
that rhyme judging, even in kindergartners, is based on an analyt-
ical process, a more thorough examination of the role of syllabic
structure in rhyme processing is essential to come to a consensus
on the nature of rhyme processing.
4.5. Implications
The present study showed an interesting discrepancy between
the neural and behavioral data. There was no evidence of a differ-
ential response to overlapping items in any of the ERP effects that
were observed, whereas the behavioral data clearly showed that
children processed overlapping items more slowly and less often
correct than other items. Although more research is necessary to
examine the development of the N450 response to overlapping
items, it is important to note that measuring responses on both a
behavioral and neural level provides a better insight in the rhym-
ing skills of young children. This issue deserves special attention
since rhyme judgment assessments are regularly used to examine
children’s level of phonological awareness both in research and
practice. Therefore, this study stresses the importance of combin-
ing behavioral and neural measures to fully understand the com-
plex processes that underlie our linguistic capabilities.
5. Conclusions
Although more research is needed to fully understand the
underlying processes, the present study has provided more insight
into the influence of reading experience on phonological aware-
ness. The outcomes showed that rhyme performance improves
with age on a behavioral level. The second graders are faster and
more accurate in their responses than the kindergartners. This
development in rhyme judgment can be described as the result
of a maturing phonological system. The current study also showed
provided insight into developmental changes on a neural level.
Early readers in second grade display a neural rhyme effect that
can be compared to the effects observed in older children and
adults. On the contrary, kindergarten children who do not yet have
reading experience show a very different ERP pattern providing
neural evidence that their phonological system is still under
development.
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Unrelated pairs
pijn (pain) boom (tree) – pijn (pain)
boon (bean) duim (thumb) – boon (bean)
haas (hare) dun (thin) – haas (hare)
lam (lamb) neus (nose) – lam (lamb)
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